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Abstract. In a paper by Home and Agarwal [1], it is claimed that quantum nonlocality
can be revealed in a simple interferometry experiment using only single particles. A
critical analysis of the concept of hidden variable used by the authors of [1] shows that
the reasoning is not correct.
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1. Introduction
Quantum nonlocality [2] for single particle is a subject of debate since the origin
of quantum mechanics. Indeed already at the single particle level the concept of
wave function is problematic because for the orthodox interpretation the act of
observation supposes a collapse of the quantum state after every measurement [3].
Possible experiments were discussed by Franson [4] and more recently by Tan et al
[5], Oliver and Stroud [6], and Hardy [7]. In the present work we focus our attention
on the article, published in 1995, by D Home and G S Agarwal [1]. In [1] it is claimed
that quantum nonlocality for a single particle such as photon is observable using
a simple interferometry experiment. This example is independent from the Bell
[8,9], GHZ [10], or Hardy [11] theorems using systems of two or three entangled
particles. It leads in principle to the same conclusions, i.e. to the impossibility of
complete agreement between the predictions of quantum mechanics and the ones
given by any local deterministic hidden variable models. However, both the careful
analysis of the gedanken experiment and the hidden variables deﬁnition show that
the consequences inferred in [1] are not correct, and that it is not necessary to
invoke nonlocality to interpret the predicted results.
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Figure 1. The gedanken experiment of Home and Agarwal as discussed in
[1]. A single photon wave packet with coherence length Lc is impinging on an
interferometer with two paths L and S. The two paths have diﬀerent lengths
RL and RS and we have Lc > RL > RS.
2. The proposal of Home and Agarwal
The gedanken experiment considered in [1] uses the simple nonsymmetric Mach–
Zehnder interferometer represented in ﬁgure 1. The single photon state, associated
with a wave packet of coherence length Lc, is supposed to propagate in such an
interferometer. If Lc is larger than the diﬀerence Δ = RL − RS where RL and
RS are the two interferometer arms lengths (with RL > RS) then by varying Δ we
shall observe the oscillation of the intensity at the two exits. As for any experiments
revealing some manifestations of the well-known duality between wave and particle
behaviors we can ask how the photon as a particle moving in one arm knows about
the existence of the second arm. In order to explain such an experiment with
dynamical hidden variables we could, as it was originally proposed by de Broglie
[12], consider the existence of empty waves accompanying the point-like particle
during its travel in the interferometer. Following this idea the particle chooses
one, and only one path. But the guiding wave successively splits into two parts at
the ﬁrst beam splitter BS1. It propagates into the two arms L and S, and ﬁnally
recombines in the second beam splitter BS2, carrying information on the phase
diﬀerence to the particle. In this way the particle is inﬂuenced by a kind of ‘self-
interaction’ using the guiding wave as a quantum potential [13]. It modiﬁes its
motion to agree with the statistical prediction of quantum mechanics. Home and
Agarwal considered in their article such kinds of dualistic models which they called
as local deterministic ontological (LDO) model with empty wave(s). The aim of
their analysis is to prove that any dualistic models that are able to justify their
gedanken experiments are necessarily nonlocal.
The reasoning of [1] is the following: For a nonsymmetric interferometer, if a
particle moves along the shorter path S, then the empty wave cannot ﬁnd the time
to inform the particle about the existence of L. The reason, given in [1], is that a
signal going through the longer arm L cannot propagate faster than the velocity of
light c. It will therefore arrive too late at BS2 to interact with the particle travelling
in the shorter path (with at maximum the same velocity c). This causality argument
seems to be evident. We should conclude with [1] that any LDO model will be in
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conﬂict with this experiment. More precisely, if a model without empty wave can
never explain fringes, then a model with empty wave does not explain the result
for at least half of the cases (i.e. when the particle moves along the shorter path).
Indeed, each photon has a probability 1/2 to go through the arms L or S. If the
particle selects the path S the empty wave cannot interact with it. Consequently, in
this case the probability for recording an event in one of the two exits is 1/4. But,
if the particle selects the path L we can still imagine, in agreement with Einstein’s
causality, that a part of the empty wave interacts with the corpuscle at BS2. In
this case we expect interference by varying Δ. Mathematically we can then express
the contradiction with quantum mechanics by writing that in a local world the
probability P (C2) of ﬁnding a photon in the door C2 obeys always the condition
P (C2) ≥ 1/4. (1)
This condition is clearly contradictory to the result of quantum mechanics saying
that the probability of detection in the door C2 when varying Δ is given by
P (C2) = (1− cos (kΔ))/2, (2)
where k is the photon wave vector. In the particular situation where the quantum
mechanical prediction says that we must detect zero photons in the door c2 (see
ﬁgure 2 of [1]), i.e. if kΔ = 2Nπ (N = 1, 2, 3, ...), we have then contradiction
between the local model and quantum mechanics since the ‘no fringes’ contribution
can never equals zero). The conclusion of [1] is then that any hidden variable model
of the LDO family with empty wave must be nonlocal already in the case of a single
particle.
There is however a hidden hypothesis in [1]. It was implicitly accepted that the
empty wave and the particle are separated at the beam splitter at the same instant.
This is certainly true if we consider the wave as being emitted by the particle while
crossing BS1. Eﬀectively in this case the wave going through L will never ﬁnd
the time to interact with the particle going by the shorter arm. Consequently, the
empty wave impinges on the second beam splitter too late to communicate some
information to the particle. However, there is no reason to suppose that the waves
are produced by the particle in that way. In particular, this is not the case in the
de Broglie model and consequently the deductions of [1] are unfounded.
3. The pilot-wave theory for single photon
In order to be quantitative we can consider the so-called pilot-wave model that
de Broglie already proposed at the ﬁfth Solvay Congress of 1927 [12]. We consider
ﬁrst the nonrelativistic case associated with the Schro¨dinger equation and a particle
of mass m. This model, which was later accepted by Bohm as a basis for his
hidden variable theory [13,14], supposes only the continuous solution ψ(x, t) of the
propagation usually considered in quantum mechanics. Here, the particle is guided
by the wave and is moving along the lines of the ﬂow of probability with the velocity
v = J/ρ where
J = (ψ∗∇ψ − ψ∇ψ∗)/(2mi) and ρ = ψ∗ψ. (3)
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Figure 2. Sketches of the experiment proposed in [1] analyzed in terms of
the local empty wave model a` la de Broglie. (A) At the time t0 wave packet
of length Lc impinges on the ﬁrst beam splitter BS1, i.e. the wave front w
enters into the interferometer. The singularity p represented by a dark spot is
located at a distance x from the wave front. (B) p enters into BS1 some time
(x/c) later. At the same time the guiding wave was already splitted into two
arms L and S. The two wave fronts wS,L are moving in the direction of the
second beam splitter. (C) When the particle impinges on the second beam
splitter BS2 (at the time t0 + x/c + RS/c, where RS is the length of the path
S) the wave fronts wS,L already propagates outside the interferometer. (D)
The particle p being located in the region of length δx (i.e. in the region in
which interferences occur) is locally inﬂuenced by the empty wave travelling
through L.
This is called the guidance formula or guidance condition [12]. The advantage of
this choice is that the probabilistic interpretation of quantum mechanics can be
justiﬁed in a simple way [13]. In addition, this model can be trivially generalized
to systems containing several particles or ﬁelds [13,14]. More important for us is
that the dynamics is completely local for one particle. This comes from the fact
that the motion of the current J is determined by local modiﬁcations of the wave
ψ(x, t) and that these perturbations need some time to propagate from one point
to another [14]. This central idea has been neglected by Home and Agarwal and we
are going now to observe that the same property occurs in the case of the photon.
The locality shall even appear more evident in this case since the photon is by
deﬁnition a relativistic object subject to limitations oﬀered by Einstein’s causality.
To apply the empty wave model to a photon we cannot use here the highly
nonlocal theory proposed by Bohm for an electromagnetic ﬁeld [13] because such
a theory is not a LDO model. However, it is possible to build the equivalent of
the local pilot-wave model for a point-like photon using an analogy proposed by
de Broglie in 1925 [12,15]. In the variant of this model used here, the photon is a
particle guided by an electromagnetic wave and its velocity dλ(t)/dt can be deﬁned
by the velocity of energy in the guiding wave.
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More precisely, by considering a single photon state |γ〉 we ﬁnd that the prob-
ability measured with a photo-detector is always proportional to |E|2 where E =
〈0|Eˆ(+)|γ〉 and where Eˆ(+) is the positive frequency part of the electric ﬁeld op-
erator. If we consider that the probability of photodection is a measure of the
probability of the presence for a photon in the wave, we can in analogy with eq.
(5) use the Poynting theorem to deﬁne the velocity of the photon. In order to do
that we must introduce the single photon magnetic ﬁeld B = 〈0|Bˆ(+)|γ〉. Here E
and B play obviously the role of the photon ‘wave functions’. These ﬁelds satisfy
Maxwell equations
∇× E = −(1/c)∂tB, ∇ ·B = 0
∇×B = (1/c)∂tE, ∇ ·B = 0. (4)
Since these ﬁelds are complex, the Poynting theorem can be written as
c∇ · (E ×B∗ + E∗ ×B) = −∂t(|E |2 + |B|2) (5)
and we have (in analogy with eq. (5))
dλ(t)/dt = c(E ×B∗ + E∗ × E)/(|E |2 + |B|2). (6)
It can be observed that the density of probability is in fact proportional to |E|2 +
|B|2 and not simply to |E|2. This is however not a handicap since a distinction
is made here between the probability of presence, which is independent of the
detector, and the probability of detection, which depends explicitly on the form
of the interaction Hamiltonian. In the dipolar approximation for example, we can
equivalently suppose using either an electric or a magnetic detector sensitive to the
electric or magnetic contribution of the density of presence, respectively.
In the present model, a density of probability given at one time by |E|2 + |B|2
will remain so at any time since the Poynting formula plays the role of the Liouville
formula in the Hamiltonian dynamics. Because the Born rule is justiﬁed here, the
behavior of a photon in a beam splitter and in an interferometer can easily be
explained in terms of a dynamical and deterministic process. This model is clearly
local since any modiﬁcation of the energy density and Poynting’s vector require a
local modiﬁcation of the ﬁeld taking some time to propagate to one point from the
other.
4. Locality and the experiment of Home and Agarwal
In §3 we discussed the empty wave model proposed by de Broglie and Bohm and
we showed that it contradicts the claim of [1] that the particle must emit an empty
wave at the instant when it enters the interferometer. We are going to prove in the
following that the general claim of [1] can be ruled out by a simple reasoning.
In order to help us in our analysis we consider ﬁgures 2A–D. The front of the
guiding wave w is touching BS1 at t0 = 0 (see ﬁgure 2A). The singularity p enters
in BS1 only at a later time t = t0 + x/c (see ﬁgure 2B), where x is the distance
between the singularity and the front of the wave packet preceding the particle
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(0 ≤ x ≤ Lc). By this time x/c, the guiding wave splits already and propagates in
the interferometer (see ﬁgure 2B and the two wave fronts wL,S). This contradicts
the implicit hypothesis of [1] that wave and particle must split at the same time.
Consider the case where the singularity moves along the shorter path S. At the time
t = t0 + x/c+RS/c the particle enters into BS2 (see ﬁgure 2C). However, the wave
front propagating in the longer arm enters in BS2 at t = t0 + RL/c. In order that
the empty wave (moving along L) carries information to the particle we must have
t0 + x/c + RS/c ≥ t0 + RL/c, i.e. x ≥ Δ. (7)
Since we suppose that the wave packet has a ﬁnite extension Lc, we deduce that
there is a second wave front following the particle and entering into the interferom-
eter only at the time t = t0 +Lc/c. Clearly, in order to have an eﬀect of the empty
wave on the particle, we must have
t0 + x/c + RS/c ≤ t0 + RL/c + Lc/c, (8)
i.e. x ≤ Lc + Δ. This last condition is always fulﬁlled since x ≤ Lc. However, it
means that the eﬀect of the empty wave on the particle will be only possible in a
region of length δx = Lc −Δ (see ﬁgure 2D). This is exactly the spatial region in
which the orthodox theory predicts the existence of interferences.
We can see, that the empty wave choosing the path L, has to propagate along
longer distance than the singularity. Nevertheless, it will be possible to have inter-
action between the empty wave and the particle at BS2. This will be so providing
that the corpuscle will be located in this part of the wave packet, which has a size
δx and which is associated with interferences and fringes. This means that the
model will agree with both the principle of locality and the quantum mechanical
predictions. Similar conclusion is possible if the particle travels in L and the empty
wave in S. We shall remark, that the present discussion analyzed the speciﬁc case
of the de Broglie–Bohm model. However, the conclusion is general. There is no
a priori reasons why dualistic model with empty wave should not be local at the
single particle level. If we suppose that both the wave and the particle exist prior
to entering into the interferometer, then there is always a domain of size δx where
the interaction between the empty wave and the singularity occur. In such a LDO
model the condition
P (c2) ≥ 1/4 (9)
has not to be fulﬁlled. Moreover, this LDO model is consistent with Ein-
stein’s causality and does not justify the introduction of nonlocality as a form of
explanation.
5. Discussion and conclusion
By considering the motion of de Broglie particle immersed in a guiding wave, we
showed that we can explain in a local way the experiment proposed by Home and
Agarwal. This analysis is clearly in contradiction with the claims of [1] and we
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conclude that there is no paradox and no need to introduce nonlocality since every
thing is consistent with Einstein’s causality principle and quantum mechanics.
As a ﬁnal remark, it is particularly important to say that all the previous exper-
iments, claiming to show nonlocality for single particle [5–7] have been contested,
partly on the basis that they are in reality multiparticles experiments [16,17] (for a
discussion of nonlocality with single particle involving entanglement with the vac-
uum |0〉A|1〉B + |1〉A|0〉B or superposition like r|0〉+q|1〉, see however [16–26]). The
experiment proposed by Home and Agarwal considers interferometry with only sin-
gle particle (without superposition with the vacuum [7], and without considering
the apparition of entanglement induced by a state like |0〉A|1〉B + |1〉A|0〉B in a pair
of remote detectors [5,6]) and it allows us to criticize their result by using a counter
example. There is then a certain similarity with the claim of [1] and the original
nonhidden variable theorem of von Neumann [27]. This theorem was refuted by
de Broglie [28] and Bohm [13] by using the fact that a priori ‘impossible’ hidden
variable models already exist: de Broglie created them. In the example of Home
and Agarwal similar situation occurs: if we consider the existence of de Broglie’s
models there is no need to introduce nonlocality for explaining single particle in-
terferometry. For this reason the main conclusions of [1] cannot be accepted.
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